We investigated the effect of the carbohydrate chain and two phosphate moieties on heat-induced aggregation of hen ovalbumin. The dephosphorylated form of ovalbumin was obtained by treating the original protein with acid phosphatase. The single carbohydrate chain was removed by digestion of heat-denatured ovalbumin with glycopeptidase F, and the resulting polypeptide without this carbohydrate chain was correctly refolded to acquire protease-resistance. Thermal unfolding can be approximated by a mechanism involving a two-state transition between the folded and unfolded states with a midpoint temperature of 76 C for the original form, of 74 C for the dephosphorylated form, and of 71 C for the carbohydrate-free form. The conformational stability of the original form was higher than that of the carbohydrate-free form. When the three forms of ovalbumin were heated to 80 C and then cooled rapidly in an ice bath, the polypeptide chains were compactly collapsed to metastable intermediates with secondary structures whose properties were indistinguishable. Upon incubation at 60 C, renaturation was possible for a large portion of the intermediates of the original form, but for only a small portion of those of the carbohydrate-free form. Light scattering experiments showed that in the presence of sulfate anions, the intermediates of the carbohydrate-free form aggregated to a greater extent than did those of the original form. The intermediates of the carbohydrate-free form bound to the chaperonin GroEL with about 10-fold higher affinity than those of the original form. It follows that the carbohydrate chain and the two phosphate moieties do not affect hydrophobic collapse in the kinetic refolding of hen ovalbumin but play an important role in the slow rearrangement. They block the off-pathway reaction that competes with correct refolding by effectively decreasing surface hydrophobicity.
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Key words: aggregation; carbohydrate chain; ovalbumin; phosphate group; surface hydrophobicity N-glycosylation is one of the major naturally occurring post-translational modifications of the covalent structure of proteins. Except for serum albumin and lysozyme, most of the soluble and membrane-bound proteins that are made in the ER, including those destined for transport to the Golgi apparatus, lysosomes, plasma membrane, or extracellular space, are glycoproteins. Almost as soon as a growing polypeptide chain enters the ER lumen, N-linked oligosaccharides Glc 3 Man 9 GlcNAc 2 are almost always added to target asparagine amino acids in Asn-Xaa-Ser/Thr sequences. [1] [2] [3] [4] [5] After quality control by the ER chaperones called calnexin and calreticulin, [6] [7] [8] correctly folded polypeptides exit from the ER toward the Golgi apparatus where carbohydrate chains are finally trimmed to functional forms.
A vast volume of work has demonstrated that carbohydrate chains have diverse roles from both the physicochemical and biological viewpoints.
9) The modulation of physicochemical properties by carbohydrate chains includes modification of the solubility and viscosity of proteins in solution, 10, 11) control of protein folding, [12] [13] [14] and contribution to thermal stability and y To whom correspondence should be addressed. Tel: +81-774-38-3739; Fax: +81-774-38-3740; E-mail: tanifumi@kais.kyoto-u.ac.jp * Present address: International Life Sciences Institute, Center for Health Promotion of Japan, Kojimachi RK Building, 2-6-7 Kojimachi, Chiyodaku, Tokyo 102-0083, Japan Abbreviations: CD, circular dichroism; ConA, concanavalin A; DHFR, dihydrofolate reductase; DPCC, diphenylcarbamyl chloride; DTT, dithiothreitol; EDC, N-ethyl-N 0 -((3-di-methylamino)propyl)-carbodiimide hydrochloride; ER, endoplasmic reticulum; GdmCl, guanidinium hydrochloride; HPLC, high-performance liquid chromatography; NHS, N-hydroxysuccinimide; OVA, ovalbumin; PAGE, polyacrylamide gel electrophoresis; PMSF, phenylmethylsulfonyl fluoride; SDS, sodium dodecyl sulfate; WGA, wheat germ agglutinin protection against proteolysis. [15] [16] [17] On the other hand, the various biological activities that carbohydrates are responsible for include the control of enzyme, hormone, and immunological activities, and participation in such cell-cell interactions as occur in fertilization, infection, and neural networks. [18] [19] [20] [21] [22] [23] Ovalbumin, the major globular protein of chicken egg white, is a glycophosphoprotein with a molecular size of 45 kDa. It is a member of the serpin superfamily, whose members share a core domain of about 360 amino acids that represents a region of high primary and tertiary structural homology, although serpins show some variation in size. 24) The crystal structure of native ovalbumin indicates that as a degenerate functional unit, a five-stranded -sheet runs parallel to the long axis of the molecule and an -helix protrudes as a loop that forms the reactive center for serine proteinases. 25) Although 1 -antitrypsin functions as an inhibitor of serine proteinases, ovalbumin has no such inhibitory activity despite a sequence homology to antitrypsin of about 30%, but acts as a substrate for elastase, and hence is classified as a non-inhibitory serpin. 26) Despite the tertiary structural similarity among serpins, in many cases the carbohydrate moieties attached are poorly conserved in number and in the position in their primary structures. Ovalbumin contains 385 residues and has a single heterogeneous carbohydrate chain covalently linked to the asparagine residue at position 292. Chemical analyses of the N-linked carbohydrate chains have so far identified at least six high mannose-type and five hybrid-type N-glycan species. [27] [28] [29] In contrast, 1 -antitrypsin has three N-linked carbohydrate chains at positions 46, 83, and 247. Powell and Pain 14) have reported that a recombinant non-glycosylated 1 -antitrypsin exhibits stability and co-operativity similar to the normal M-type protein. On the other hand, the existence of carbohydrate chains has been shown to contribute to the conformational stability as well as the kinetic stability of 1 -antitrypsin against aggregation. 17) Considering that different glycoproteins have different requirements for carbohydrates in many cases, we must evaluate the contribution of the carbohydrate chains of each glycoprotein to its biological properties and functions.
Another noteworthy feature of ovalbumin is the posttranslational modification of phosphorylation of two of its serine residues. 30) These phosphoserine residues are at positions 68 and 344 in its primary structure. Three main forms exist with two or one or no phosphate groups per molecule at Ser 68 and Ser 344, and we refer hereafter to the di-phosphorylated form, the monophosphorylated form, and the non-phosphorylated form as the A 1 -form, the A 2 -form, and the A 3 -form respectively. The di-phosphorylated form constitutes approximately 85% of total ovalbumin. Despite the presence of large amounts of the A 1 -form in hen eggs, the biological function and the physicochemical effects of phosphorylation remain elusive.
Previously we found that the kinetic intermediates produced during the refolding of heat-denatured ovalbumin sometimes form a characteristic linear aggregate resembling an amyloid. [31] [32] [33] In the present study, using these kinetic intermediates, we examined the effects of glycosylation and phosphorylation on the aggregation of heat-denatured ovalbumin.
Materials and Methods
Materials. Ovalbumin was purified from the egg white of newly laid hen eggs by crystallization in a solution of ammonium sulfate and recrystallized five times. 34) GroEL was prepared from a GroE-overproducing strain, E. coli DH5/pKY206. Plasmid pKY206 was a derivative of pACYC184 carrying groES-groEL constructed as follows: a 3.5-kb EcoRI-EcoRV fragment of pNRK267 containing groES-groEL was ligated with pACYC184 that had been cut with ScaI and EcoRI. 35) Transformation of E. coli strain DH5 with this plasmid was performed according to the method of Hanahan.
36)
Cells were grown overnight in LB broth containing 12.5 g/ml tetracycline. After being pelleted at 10;000 Â g for 20 min, the cells were suspended in buffer A [50 mM Tris-HCl (pH 7.8), 2 mM EDTA, 1 mM 2-mercaptoethanol] and disrupted by ultra-sonication at 180 W for 10 min. After removal of insoluble materials at 15;000 Â g for 30 min, an equal volume of 5% streptomycin solution was added to the supernatant and stirred for 1 h. After centrifugation at 8;000 Â g for 40 min, ammonium sulfate was added to the supernatant to a concentration of 55% saturation and stirred overnight. The precipitated proteins were collected by centrifugation at 13;000 Â g for 40 min and dissolved in buffer A. The solution was dialyzed against this buffer for 2 d and subjected to Sephacryl S-300 (40 i.d. Â 600 mm) gel permeation chromatography. The fractions containing GroEL and GroES were collected separately and applied to a Q-Sepharose anion-exchange column. The GroEL protein was eluted from the column with a linear gradient of 0-1 M NaCl. A linear gradient of 0-0.5 M NaCl was used for purification of the GroES protein. Each purified protein preparation was concentrated and stored in buffer B [50 mM Tris-HCl (pH 7.5), 2 mM EDTA, 1 mM DTT]. The purity of the proteins was checked by SDS-PAGE and found to be over 95%.
From Sigma Chemical (St. Louis, MO) were purchased trypsin (type XI) that had been treated with DPCC, soybean trypsin inhibitor (type I-S), dihydrofolate reductase (DHFR, EC 1.5.1.3), -casein from bovine milk, and acid phosphatase from wheat germ. Glycopeptidase F (PNGase F; EC 3.5.1.52) was obtained from Takara (Kyoto, Japan). Guanidinium hydrochloride and urea of specially prepared reagent grade and other chemicals of guaranteed grade were obtained from Nacalai Tesque (Kyoto, Japan).
Dephosphorylation. One gram of ovalbumin crystal-lized from newly laid hen eggs was dissolved in and dialyzed extensively against buffer C [0.25 M MESNaOH (pH 5), 0.5 mM EDTA, 0.05% NaN 3 ]. The ovalbumin solution was mixed with 2.5 units of acid phosphatase and put in a dialysis bag immersed in buffer C. The mixture was incubated at 37 C for 18 h. After the pH of the reaction mixture was adjusted to 6, the reaction mixture was applied to a Q-Sepharose HP 26/10 column (Pharmacia, Sweden) that had been equilibrated with 20 mM MES-NaOH (pH 6). The column was developed with a linear gradient of 0-0.1 M NaCl. Each fraction eluted was checked for number of phosphate groups by native-PAGE (10%). The fractions containing the A 3 -form were collected and concentrated using a Centricon-30 (Amicon, Beverly, MA, USA). The concentrate was stored in buffer D [20 mM Tris-HCl (pH 7.4), 0.5 mM EDTA].
Deglycosylation. Purified A 3 -form was extensively dialyzed against 5 mM phosphate buffer (pH 7.5). The protein solution at 1 mg/ml was heat-denatured at 80 C for 15 min, and rapidly cooled in an ice bath. Denatured ovalbumin was concentrated by membrane filtration to 8 mg/ml in the presence of 25 mM Tris-HCl (pH 8.6) buffer. To this concentrate was added 30 mU of glycopeptidase F to remove the carbohydrate chain from denatured ovalbumin, and the reaction mixture was incubated at 37 C for 40 h. After enzyme digestion, urea and DTT were added to the digest to yield a solution containing 9 M urea and 5 mM DTT, and the solution was incubated at 37 C for 30 min to completely unfold the ovalbumin polypeptide chain. Urea-denatured ovalbumin solution was diluted 10-fold into buffer E [20 mM Tris-HCl (pH 8.2), 0.5 mM EDTA, 1 mM DTT] and kept at 20 C for 16 h to allow the ovalbumin to refold. The refolded ovalbumin was concentrated by membrane filtration in 20 mM Tris-HCl (pH 8.2) buffer, and then dialyzed against 50 mM MES-NaOH (pH 6) buffer and purified by chromatography on a Q-Sepharose column, which was developed with a linear gradient of 0-0.1 M NaCl. Each fraction was checked by SDS-PAGE (8%) to determine the molecular weights of the proteins eluted. The fractions containing the A 3 -form, which has slightly slower mobility on SDS-PAGE, were collected and concentrated by Centricon-30 (Amicon). The concentrate was applied to a ConA-agarose affinity column (Seikagaku Kogyo, Tokyo, Japan) equilibrated with buffer F [50 mM Tris-HCl (pH 7), 100 mM NaCl, 1 mM CaCl 2 , 1 mM MnCl 2 , 1 mM MgCl 2 , 0.02% NaN 3 ] to remove the carbohydrate-containing species. The flow-through fractions were further purified by chromatography on a WGA-agarose column (Seikagaku Kogyo) equilibrated with 50 mM phosphate (pH 7.2) buffer containing 5 mM MgCl 2 . The deglycosylated protein thus purified was stored in buffer D.
Proteolytic digestion. Digestion with trypsin was performed as described by Takahashi and Hirose. 37) A solution of refolded ovalbumin (0.25 mg/ml) was buffered with 0.025 volume of 1 M Tris-HCl (pH 8), mixed with 12.5 mg/ml DPCC-treated trypsin at a ratio of protease to ovalbumin of 2.5:1 (w/w) and the mixture was incubated at 30 C for 1 min. The digestion was terminated by the addition of soybean trypsin inhibitor twice the amount of the protease. Samples equivalent to 2.5 g of ovalbumin were subjected to SDS-PAGE by the standard method described by Laemmli 38) and stained with Coomassie Brilliant Blue R-250. The trypsin-resistant species were considered to be the renatured protein, and their amounts were estimated from the intensities of the bands, which were measured with a densitometer (CS-910; Shimadzu, Kyoto, Japan). The yield of the renatured protein was expressed as the percentage of the amount of trypsin-resistant species to that of total protein.
CD measurement. CD spectra were recorded with a spectropolarimeter (model J-720; Jasco, Tokyo, Japan) equipped with an interface and a computer. The temperature was controlled with a cell holder that was thermostatically controlled (model RTE-110; NESLAB).
The unfolding transition curve for ovalbumin was obtained by measuring the ellipticity at 222 nm at a protein concentration of 0.1 mg/ml in a 1-mm cell. The temperature was increased from 25 C to 95 C at a rate of 1.0 C/min for the heat-denaturation process. The change in temperature was monitored with a thermocouple (type SK-2000MC; Sato Keiryoki Mfg., Japan) and a flexible probe inserted directly into the 1-mm cell. The measured ellipticities were corrected for the monitored temperatures with a computer.
Far-UV CD spectra were recorded at a protein concentration of 0.25 mg/ml with a 1-mm cell at wavelengths from 250 to 195 nm.
Light scattering. For the perpendicular light scattering experiment, 20 mM HEPES (pH 7.5) containing 300 mM Na 2 SO 4 was placed in a cuvette that was thermostatically maintained at 37 C. Polymerization was initiated by adding equal volumes of solutions of kinetically trapped intermediates to the cuvette to give a final concentration of 1 mg/ml. Perpendicular light scattering was monitored for 1 h at 320 nm using a fluorometer (F-3000; Hitachi, Tokyo, Japan).
Binding assay. Chicken DHFR was denatured at 0.1 mg/ml in buffer G [6 M GdmCl, 30 mM Tris-HCl (pH 7.4), 2 mM DTT] by incubation at 37 C for 30 min. GroEL (50 nM) was mixed at 15 C for 5 min with or without competitors as indicated in a cuvette containing buffer H [30 mM Tris-HCl (pH 7.2), 50 mM KCl, 2 mM DTT, 50 M NADPH, 50 M dihydrofolate]. Unfolded DHFR was diluted 200-fold into the GroEL-containing cuvette, and the activity of DHFR was determined photometrically by monitoring the decrease in absorb-ance at 340 nm. The activities indicated were measured 3 min after dilution when refolding of free DHFR was complete. Relative activity was calculated by the following formula: ðA max À A sample Þ=ðA max À A min Þ Â 100 ð%Þ, where A max is the absorbance observed without any competitor, A sample is the absorbance observed when denatured protein to be examined was used as a competitor, and A min is the absorbance observed when spontaneous refolding of DHFR occurs in the absence of GroEL.
Surface plasmon resonance. In the BIAcore 2000Ô system (Pharmacia Biosensor AB, Uppsala, Sweden), the purified GroEL [50 g/ml in 10 mM sodium acetate buffer (pH 5)] was immobilized on the dextran matrix of the sensorchip (CM5) surface with a 1:1 mixture of NHS and EDC. The excess active groups on the dextran matrix were blocked with 1 M ethanolamine (pH 8.5). Denatured ovalbumin samples were passed over the sensor surface at 25 C at a flow rate of 5 l/ml at concentrations ranging from 5 to 50 M. Running buffer [20 mM MOPS (pH 7.2), 20 mM KCl, 80 mM NaCl, 5 mM (CH 3 COO) 2 Mg] was used in this experiment. Kinetic analyses were performed using the supplemental software BIAevaluation 3.1 (Pharmacia). We calculated the association rate constant, k ass , and dissociation rate constant, k diss , for the first phase, using curve fitting to a simple two-component model of interaction (A þ B ¼ AB) for titration of the solution-phase ligand. The equilibrium dissociation constant, K d , was determined as k diss =k ass .
Results

Dephosphorylation and deglycosylation of ovalbumin
Ovalbumin exists naturally in three forms with respect to phosphate content. When ovalbumin purified from egg white was applied to a Q-Sepharose column, chromatography gave three peaks whose contents showed the ratio of the A 1 -form:the A 2 -form:the A 3 -form to be 85.0:14.5:0.5, as reported above (Fig. 1A, lane 2) . 39) As shown in Fig. 1A (lane 3) , the A 3 -form was efficiently produced by digestion of the A 1 -form of ovalbumin with acid phosphatase. Approximately 300 mg of the A 3 -form was obtained from 1 g of parent ovalbumin by anionexchange chromatography (Fig. 1A, lane 4) .
Glycopeptidase F cleaves between the asparagines residue and the N-acetylglucosamine residue of the oligosaccharide core liberating all the N-linked oligosaccharides from the ovalbumin polypeptide. With glycopeptidase F, the carbohydrate chain was not removed from the intact ovalbumin, but it was easily removed from the heat-denatured protein (data not shown). This implies that the asparagine residue at position 292 is originally buried in the native state and that it becomes water-accessible upon denaturation. Figure 1B (lane 2) shows that the carbohydrate chain was removed from over 80% of heat-denatured ovalbumin. After enzymatic treatment, polypeptide chains were assumed to be refolded under reducing conditions from the urea-induced unfolded state. Three sequential steps of chromatography gave the deglycosylated A 3 -(DgA 3 -) form of ovalbumin at >98% purity, as shown by SDS-PAGE (Fig. 1B, lanes 3-5) . Nineteen milligrams of the DgA 3 -form was recovered from 60 mg of the A 3 -form in this study.
To check whether the refolded ovalbumin assumes the native conformation, we examined resistance to trypsin digestion and the formation of a disulfide bond in the refolded protein. Digestion experiments showed that the DgA 3 -form after the refolding process was trypsinresistant (see Fig. 4C, lane 2) . Analysis of disulfide bonds according to the method of Tatsumi et al. 40) indicated that a single disulfide bond was formed correctly between Cys73 and Cys120 in the refolded protein (data not shown). Moreover, the far-UV CD spectrum of the refolded molecule was very similar to that of the intact protein (see Fig. 5A ). These data indicate that the peptide backbone of the refolded DgA 3 -form assumes the same conformation that the native, intact ovalbumin has.
Stability of three ovalbumin forms in the native state Figure 2 shows the change in the ellipticity at 222 nm of the three forms of ovalbumin under non-reducing conditions. Highly cooperative unfolding was observed for each form. It appears likely that the unfolding can be approximated by a mechanism for a two-state transition between the folded and the unfolded states with a midpoint temperature of 76 C for the A 1 -form ( Fig. 2A) , of 74 C for the A 3 -form (Fig. 2B) , and of 71 C for the DgA 3 -form (Fig. 2C ). Conformational stability was examined for the A 1 -form and the DgA 3 -form (Fig. 3) . Cooperative unfolding can be approximated by a mechanism for a two-state transition between the folded and the unfolded states with a midpoint of urea concentration of 5.9 M for the A 1 -form (closed circles) and of 4.9 M for the DgA 3 -form (open triangle) in the native state.
Kinetic intermediates trapped during the refolding of ovalbumin forms
We found previously that ovalbumin molecules were kinetically trapped as intermediates in a metastable state during the refolding process when heat-denatured ovalbumin molecules were cooled rapidly. 33) Hence we examined the effects of dephosphorylation and deglycosylation on the kinetic intermediates produced during the refolding of heat-denatured ovalbumin. Figure 4 shows the analysis by tryptic digestion of the rapidly cooled products of the three ovalbumin forms. Without heat treatment, all forms showed resistance to tryptic digestion (lanes 1 and 2) . On the other hand, all of the rapidly cooled products of the three forms were very susceptible to digestion (lanes 3 and 4) . Gel permeation chromatography showed that the peak of each rapidly cooled product appeared at almost the same position as that of the original protein, suggesting that the rapidly cooled product representing the kinetically trapped intermediates does not form aggregates, but exists in a monomeric state. Figure 5 shows the CD spectra in the far-UV region. The molecules in the native state exhibit an intrinsic profile with large absolute ellipticity at 222 nm (Fig. 5,  solid lines) . In general, the molecules present during heating at 80 C and the rapidly cooled products retain a degree of secondary structure (dashed lines and dotted lines). It is noteworthy that the CD profiles of the three different ovalbumin forms were indistinguishable from each other in the native state, the heat-denatured state, and the kinetic intermediate state. This similarity indicates that the carbohydrate and phosphate groups do not affect the formation of secondary structures in the initial phase from a heat-denatured state to an intermediate state during the folding process of ovalbumin.
Stability of the kinetically trapped intermediates of three ovalbumin forms
The thermal stability of the kinetically trapped intermediates was examined. When incubated at 60 C, the intermediates of the A 1 -form were allowed to refold to the molecules in the native state that are resistant to protease digestion. 33) Three hours after incubation, approximately 85% of the intermediates of the A 1 -form had been transformed into the protease-resistant species (Fig. 6A) . Under the same conditions, however, only 40% and 25% of the intermediates of the A 3 -form and the DgA 3 -form respectively had acquired proteaseresistance ( Fig. 6B and C) . Comparison of the yield of trypsin-resistant species suggests that the two phosphate groups as well as the carbohydrate chain may significantly help the kinetic intermediates to go through the pathway leading to the native state. 
Salt-induced aggregation of the kinetically trapped intermediates
Kinetically trapped intermediates aggregate as electric repulsion among them decreases in the presence of neutral salts. The order of effectiveness of anions for aggregation corresponded to the lyotropic series, the sulfate anion being most effective. This fact suggests the importance of surface hydrophobicity in the aggregation of denatured ovalbumin. 32) When the molecular behavior of the kinetic intermediates was examined in the presence of sulfate anions, elongation of the linear polymers was progressively promoted in the following order: the DgA 3 -form > the A 3 -form > the A 1 -form, as shown in Fig. 7 .
Estimation of surface hydrophobicity of the kinetically trapped intermediates using GroEL
The kinetic intermediates are considered to be compact globules in a hydrophobically collapsed state that collectively displays a significant degree of surface hydrophobicity. We compared the surface hydrophobicity among the kinetic intermediates of the three forms by evaluating their affinity for chaperonin GroEL. The principle on which this method is based is that spontaneous refolding of urea-denatured DHFR occurs, resulting in the recovery of enzyme activity without trapping by GroEL in the presence of a competitor with the ability to bind to GroEL. When rhodanese was added as a competitor, the activity of DHFR increased in a dose-dependent and saturable manner (Fig. 8A) . About After incubation of the kinetic intermediates at 60 C for the period indicated, resistance to trypsin digestion was examined for the A 1 -form (A), the A 3 -form (B), and the DgA 3 -form (C).
Fig. 7. Salt-Induced Elongation of Chain Polymers of Ovalbumin
Intermediates. Perpendicular light scattering was monitored for 1 h at 320 nm in a fluorometer for the A 1 -form (circles), the A 3 -form (triangles), and the DgA 3 -form (squares). The refolding of denatured DHFR was inhibited by binding to GroEL but it occurred spontaneously in the presence of the competitor rhodanese in a concentration-dependent manner (A). Relative DHFR activity was measured when competitors of casein and three kinds of kinetic intermediates were added at a 5-fold molar ratio to GroEL. The order of surface hydrophobicity of the kinetic intermediates was found to be DgA 3 -form > A 3 -form > A 1 -form > casein (B). 42% of DHFR activity was recovered when casein was added at a 5:1 molar ratio relative to GroEL, because casein exposes a considerable fraction of its hydrophobic residues to solvent and shares some properties with partially denatured proteins, although it is soluble (Fig. 8B) . The yield of reactivated DHFR was estimated to be approximately 63%, 75%, and 87% when the kinetic intermediates of the A 1 -form, the A 3 -form, and the DgA 3 -form were added at the same molar ratio, respectively. This suggests that the three kinds of intermediates have greater hydrophobicity on their protein surface than casein has, and also that the carbohydrate chain and two phosphate groups significantly reduce surface hydrophobicity.
Another method of measuring surface hydrophobicity is to use surface plasmon resonance with GroEL. The sensograms showed that the binding phase of the intermediates of the A 1 -form gave an estimated association rate constant k ass of 1:6 Â 10 
Discussion
It appears likely that the general function of protein glycosylation is to prevent unfolded protein molecules from aggregating and to aid in stabilization of the conformation of the mature glycoprotein. As shown in Figs. 2 and 3 , the native structure of hen ovalbumin is stabilized when a sugar moiety is attached to its polypeptide chain. The finding that glycopeptidase F did not liberate the sugar chain from native ovalbumin raises the possibility that the asparagine residue at position 292 is not accessible to this enzyme and the possibility that the sugar chain contributes to stabilization of the native structure by interacting with neighbor amino acid residues of ovalbumin. In addition, the crystal structure of native ovalbumin indicates that this asparagine residue is followed by a sequence of hydrophobic amino acids that make up -helix I around the surface of the protein molecule. Therefore, the sugar chain may make this surface area more hydrophilic, leading to stabilization of the native structure.
We expected that glycosylation might help to stabilize the conformation of ovalbumin not only in the native state, but also in a kinetically intermediate state. When the effect of urea on the change in ellipticities of the kinetic intermediates was examined, the kinetic intermediates of the A 1 -form apparently showed a transition curve similar to that of the DgA 3 -form, depending on the urea concentration (data not shown). Considering that such kinetic intermediates are a collective of various disulfide isomers and also that some portion of the molecules can be refolded to the native state at a relatively low concentration of urea, however, we cannot consider this reaction coordinate to be exactly in equilibrium between the intermediate and unfolded states. Nevertheless, the apparently cooperative transition gives almost the same curve for the kinetic intermediates of the A 1 -form and the DgA 3 -form with a midpoint of urea concentration of 4.1 M. This result suggests that the carbohydrate chain and two phosphate groups did not significantly contribute to the stability of the folding intermediates themselves.
Aggregation can be largely determined by the partition between the on-pathway and the off-pathway routes in the refolding process of the unfolded polypeptide chain. The folding kinetics can be explained by the nucleation-condensation mechanism, in which hydrophobic tertiary interactions are consolidated at the same time as elements of secondary structure. 41, 42) This mechanism is supported by data showing a good correlation between the decrease in hydrodynamic volume and the increase in secondary structure during protein folding. 43) If there are very strong secondary structure preferences, the folding appears to be stepwise and hierarchical. The framework model is based on the important role of local interactions between different regions in the protein, according to the established hierarchy of the native structure. [44] [45] [46] [47] On the other hand, when the conformational preferences for secondary structures are weak, a considerable network of tertiary interactions is required to stabilize them. The collapse model emphasizes non-local interactions that drive the collapse process in a polypeptide chain with concurrent formation of secondary structures, and it can also be described in terms of ''energy landscapes''. [48] [49] [50] [51] The energy landscape theory explains that folding is fast in the smooth funnel landscape with few metastable states, the on-pathway being favorable. In contrast, folding is slower in a rugged energy landscape with many kinetic barriers of non-native interactions, the off-pathway being favorable.
The tendency toward apparently different folding mechanisms depends intrinsically on the stability of secondary structural elements with different protein sequences as well as variations in different folding environments. If some constraints by non-native interactions can be produced in a denatured state, the folding kinetics of a molecule with non-native interactions may move toward the collapse model because they function as kinetic barriers to prevent correct folding and then cause accumulation of partially misfolded intermediates. 52, 53) Previously we found that scrambled forms of non-native disulfides are produced as kinetic barriers under thermally unfolded conditions. 33) A fast hydro-phobic collapse in response to a drop in temperature forms kinetically trapped intermediates with non-native disulfides. As shown in Fig. 5 , the CD profiles of the three different ovalbumin forms were indistinguishable from each other in the kinetic intermediate state.
Therefore, the carbohydrate chain and two phosphate groups do not significantly affect the formation of kinetic intermediates in a fast hydrophobic collapse of ovalbumin refolding. The kinetically trapped intermediates from heatdenatured ovalbumin are in the metastable state because renaturation occurs for about 20% of the kinetic intermediates at the ambient temperature and for more than 80% at 60 C. This suggests that the subsequent slow rearrangement process overcomes energy barriers in the transition state by breaking incorrect and nonnative contacts to proceed to the native structure. Figure 6 shows that both the carbohydrate chain and two phosphate groups are effective for promoting correct refolding to the native state. Considering that the kinetic intermediates are an ensemble of molecules with various combinations of disulfide bonds, we must examine the effects of such functional groups on molecules with a particular set of disulfide bonds. Yamaguchi and Uchida 54) have reported a chaperonelike function in which the intramolecular N-glycans of bovine pancreatic RNase B facilitate the transformation of bulky intermediates into folded and compact species. But the question whether the Asn-linked oligosaccharide actively enhances the slow rearrangement of ovalbumin kinetic intermediates to the native state remains unanswered because the kinetic intermediates have a tendency to aggregate under the experimental conditions we used in this study. A very low yield of renatured species was observed from the DgA 3 intermediates. As shown in Fig. 7 , this may partly be explained by the fact that polymerization was markedly enhanced for the DgA 3 intermediates compared with the other two kinds of intermediates. Enhanced polymerization might be responsible for the increase in surface hydrophobicity of the DgA 3 intermediates, since these intermediates have higher affinity to the chaperonin GroEL than the A 1 intermediates do (see Fig. 8 ). Combined with the reported finding that glycosylation inhibits the interaction of invertase with the chaperonin GroEL, 55) these facts imply that sugar chains suppress the aggregation of folding intermediates by decreasing the surface hydrophobicity in kinetically trapped states.
Also of much interest is the effect of phosphate groups on the refolding of the A 3 intermediates to the native state. Although removal of the two phosphate groups did not significantly affect the polymerization of the kinetic intermediates (see Fig. 7 ), only 40% of the A 3 intermediates acquired resistance to trypsin digestion (see Fig. 6B ). This implies that phosphate groups may intramolecularly help the kinetic intermediates to go through the on-pathway route to reach the native state rather than prevent aggregation among the kinetic intermediates. Two serine residues, Ser 68 and Ser 344, are located at the opposite side along the long axis of the native molecule. This orientation may function as electrical repulsion to stabilize the native conformation. We also speculate that negative charges on these serine residues is preferable to opening up the misfolded polypeptide chain in a slow rearrangement process, if they are located close to each other, although the position of the two serine residues cannot be precisely defined in a kinetic intermediate state.
Thus, from the viewpoint of the nucleation-condensation mechanism, the folding mechanism of heatdenatured ovalbumin during rapid cooling can be considered to be close to the hydrophobic collapse model. The carbohydrate chain and two phosphate moieties do not affect hydrophobic collapse in the kinetic refolding of hen ovalbumin, but play an important role in the slow rearrangement in that they block the off-pathway reaction that competes with correct refolding by effectively decreasing surface hydrophobicity. Our data also indicate the distinct roles of the carbohydrate chain versus the phosphate groups. Sugar chains suppress aggregation among the kinetic intermediates by decreasing the surface hydrophobicity of protein molecules, whereas phosphate groups may intramolecularly help the kinetic intermediates to go through the on-pathway route to reach the native state.
